Centrifugal turbine which has less land occupation, simple structure, and high aerodynamic efficiency is suitable to be used as small to medium size steam turbines or waste heat recovery plant. In this paper, one-dimensional design of a multistage centrifugal steam turbine was performed by using in-house one-dimensional aerodynamic design program. In addition, three-dimensional numerical simulation was also performed in order to analyze design and off-design aerodynamic performance of the proposed centrifugal steam turbine. The results exhibit reasonable flow field and smooth streamline; the aerodynamic performance of the designed turbine meets our initial expectations. These results indicate that the one-dimensional aerodynamic design program is reliable and effective. The off-design aerodynamic performance of centrifugal steam turbine was analyzed, and the results show that the mass flow increases with the decrease of the pressure ratio at a constant speed, until the critical mass flow is reached. The efficiency curve with the pressure ratio has an optimum efficiency point. And the pressure ratio of the optimum efficiency agrees well with that of the one-dimensional design. The shaft power decreases as the pressure ratio increases at a constant speed. Overall, the centrifugal turbine has a wide range and good off-design aerodynamic performance.
Introduction
With the continuous reduction of fossil energy and the enhancement of people's environment awareness, there has been increasing attention to the high efficiency utilization of energy, where the turbine is energy conversion component; if the turbine is improved effectively, it can help to improve the efficiency utilization of energy.
Centrifugal turbine is a new type of turbine engine which has many advantages. In the centrifugal turbine, the gas flows outward the center and the channel area of the flow path increase naturally as the fluid volume flow increases, during the expansion process. That meets the principle of aerodynamic and geometric matching. In addition, centrifugal turbine can be used to achieve multistage design [1] more easily than centripetal turbine. Thus it can avoid the limitation of supersonic flow. This is more useful for design conditions, especially for off-design performance conditions. For turbine as the key component, many scholars in this area have done some relevant researches, but there is not much research on centrifugal turbine. Domestically, mainly Jing and Peng had studied the pneumatic analysis of a rocket centrifugal turbine prototype starter and designed the modification turbine [2] ; Yin-Ge et al. [3] and Xin et al. [4, 5] had researched the single-stage centrifugal turbine design and its off-design performance. Abroad, the preliminary hydrodynamic design of a small centrifugal turbine for the ORC was studied by Casati and others of the Delft University of Technology. They introduced the optimization based on the intermediate streamline method for evaluating turbine design and performance [6] [7] [8] [9] [10] .
In this paper, one-dimensional design method of centrifugal steam turbine is proposed by drawing on the conventional turbine [11] . And numerical simulation and optimization of multistage centrifugal turbine were studied 
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One-Dimensional Design Method.
A one-dimensional design of centrifugal turbine has been developed, which is based on the one-dimensional design method of conventional turbine. The one-dimensional thermodynamic calculation program was developed by FORTRAN. The main design principles of centrifugal turbine one-dimensional design program are as follows:
(1) The expansion flow is assumed to be adiabatic, steady, and one-dimensional in the cascade channel.
(2) The properties of working fluids are obtained by calling Refpro 9.0, which is applicable to a variety of working fluid.
(3) In order to simplify the design of the blade, the blade is designed to be of straight and constant height.
(4) Stator and rotor velocity coefficients and are based on previous experience [12] .
(5) Each stage of the rotor absolute flow angle is 90 degrees.
(6) The program is mainly composed of continuity and energy equations to achieve one-dimensional design. Figure 1 presents the design process of the centrifugal onedimensional aerodynamic program. The thermodynamic parameters of the centrifugal turbine, inlet stagnation temperature * 0 , inlet stagnation pressure * 0 , outlet pressure , mass flow rate , and rotation speed , are based on original conventional turbine. The other parameters, impeller diameter ratio (the influence of diameter ratio on the centrifugal turbine wheel efficiency is referred to in [3] ; the optimum wheel efficiency calculated at the optimum degree of reaction and speed ratio increases as the diameter ratio decreases; = ,out / ,in ), each stage outlet flow angle of stator 1 , the radial gap ( = ,in − ,out or = ,in − ,out , because the passage area along the flow path remains constant in axial flow turbine or the flow area reduces in radial flow turbine, so the radial gap can be large in traditional turbine, while, in centrifugal turbine, the flow area increases with the working fluid expansion. If the radial gap is too large, it will make the working fluid compressive in the gap, which is bad for turbine working. So the radial gap for centrifugal turbine should be small.), and stage number , are previously estimated. Iterative and screening methods are used to search the maximum wheel efficiency of the centrifugal turbine. Figure 2 shows the overall stages -diagram. The superscript * represents the stagnant state. The second numbers of subscript are as follows: 1 represents the stator and 2 represents rotor. Taking the first stage as an example, the introduction of design process is as follows:
(1) In the stator, the steam expands from state 0 to state 1. Lines 0-1 represent the actual expansion and lines 0-1 is the ideal expansion. In this process, the pressure energies are transferred to kinetic energies. Then the thermal parameters, velocity and geometry parameters can be calculated by using
continuity equation:
(2) Then, in the rotor, the steam continues to expand from state 1 to state 2. Lines 1-2 represent the actual expansion and lines 1-2 is the ideal expansion. The fluid kinetic energies are transferred to mechanical energies, which make the turbine outputs shaft power. The thermal parameters and the velocity triangles can be calculated by using a minimum), the assumption density 1,2 is valid. Then the rotor outlet point is determined. If it is not satisfied, then reassume 1,2 and repeat the above steps until the conditions are met. (4) Similar to the axial flow turbine, the relevant adiabatic efficiency is given by (3), which is referred to in [13] .
The wheel efficiency is calculated at different speed ratio to select the optimum speed ratio and other corresponding parameters at maximum efficiency. Geometry and thermodynamic parameters are identified at the optimum speed ratio.
The above-mentioned steps are also adopted to design other stages.
One-Dimensional Design
Results. The one-dimensional design program of the centrifugal turbine is used to design the multistage centrifugal turbine. The initial design thermal parameters are derived from a small axial turbine and summarized in Table 1 .
Because there is no stage number information about the original axial turbine from the product information, the different stage number was tested to design the centrifugal turbine by using the one-dimensional design program. The results show that if the stage number is 1 and 2, there is supersonic in the centrifugal turbine. As the stage number increased, there is no supersonic in the centrifugal turbine, but the size of the centrifugal turbine becomes more and more large. When the stage number is 3, and the diameter ratio is 1.12, the centrifugal turbine is subsonic, and it can satisfy the enthalpy drop as well as high efficiency. So the centrifugal turbine is designed with three stages. Then, the same blade height and the absolute airflow angle of each stage are 90 degrees as the criteria, impeller diameter ratio is estimated to be 1.12 for each stage, each stage outlet flow angle of stator is assumed to be 12 degrees, and radial clearance between stator and rotor is set to be 2 mm. The optimal efficiency and reasonable structure are the objectives. The design parameters are calculated by using the above-mentioned one-dimensional calculation program, with iterative and screening methods. In this paper, the designed three-stage centrifugal turbine just meets the required enthalpy drop and has a very high wheel efficiency. The main aerodynamic parameters of each stage are shown in Table 2 , and the main aerodynamic parameters of overall centrifugal turbine are shown in Table 3 . The geometry parameters are shown in Table 4 , and the speed triangle data is shown in Table 5 . The speed triangle schematic diagram is shown as Figure 3 . Figure 3 : The speed triangle of the centrifugal turbine.
Airfoil Design and Optimization
The working fluid flows are outward the center in the centrifugal turbine. The passage area along the flow path increases naturally with the expansion of the working fluid, which makes the variety of specific volume matches the change of flow passage area. It can be seen that the centrifugal turbine is much superior to the conventional turbine from the structure. In the centrifugal turbine, the blade plane flow channel is expanding outward with the increase of the radius. It is obviously inappropriate to use the airfoil of conventional turbine at this time. So designing a suitable airfoil for centrifugal turbine is needed.
Parametric Expression of Airfoil.
Angle and thickness design method is adopted to design airfoil, by using the inlet and outlet geometry angle, blade height, and leading and trailing edge diameters, which are based on one-dimensional design results in Tables 3 and 4 . On the BladeGen platform, two-dimensional structure of the stator and rotor is identified. Stator and rotor of the first stage are an example, as shown in Figures 4(a) and 4(b). The blade surface includes four patches, namely, the leading edge and the trailing edge and the suction side and the pressure side. The mean camber line is controlled by cubic Bezier curve. The leading and trailing edges are both ellipse. Blade number is determined initially by referring to the relative pitch and expelling coefficient and the data is provided in [12] . The final numbers of stator and rotor for each stage are both 65.
Blade Optimization for Three-Stage Centrifugal Steam
Turbine. In the optimization process of blade, the blade number, the blade inlet and outlet geometry angles, and the leading and trailing edge thicknesses are the fixed parameters, and two control points of the tangent angle and two control points of the blade thickness are taken as the optimization parameters. Workbench is as the optimization software, and NLPQL algorithm is used as optimization method.
In the stator optimization process, the minimum loss coefficient is the object and stator back pressure is the constraint condition. Stators of three-stage centrifugal turbine International Journal of Rotating Machinery 5 = ( [1, 2] , [1, 2] , [1, 2] , [1, 2] ) .
The design variables [1, 2] , [1, 2] , respectively, are the horizontal and vertical coordinates of control points of the tangent angle. [1, 2] and [1, 2] are the horizontal and vertical coordinates of control points of the blade thickness. A total of eight variables are involved in optimization (the stator of the first stage is an example, as shown in Figure 5 ). te,1 represents the pressure at the trailing edge of the stator, and ,1 represents the stator back pressure of one-dimensional design ( represents stage number).
Then the rotor is added behind the optimized stator. The maximum shaft power is the object and rotor back pressure is the constraint condition. The optimization mathematical model of rotor is expressed as Object: Max (ShaftPower)
Constraint:
te,2 ≤ ,2 = ( [1, 2] , [1, 2] , [1, 2] , [1, 2] ) .
The same as the stator, the design variables [1, 2] and [1, 2] are the horizontal and vertical coordinate points for controlling the tangent angle of the rotor mean camber line, respectively. [1, 2] and [1, 2] are the horizontal and vertical coordinate points for controlling the thickness of the blade. A total of eight variables are involved in optimization (the rotor of the first stage is an example, as shown in Figure 6 ). te,2 represents the pressure at the trailing edge of the rotor, and The optimization strategy and process are shown in Figures 7 and 8 , respectively. Figure 8 shows the blade optimization process. All of those were simulated automatically on the workbench. Firstly, the value range of optimization parameters ( [1, 2] , [1, 2] , [1, 2] , and [1, 2] ), constraint condition, and object are set artificially. Then, Design Exploration selects a set of data in the value range of optimization parameters, automatically. The blade geometry and parameterization are obtained by geometry software. After that, the blade mesh is generated by TurboGrid, and centrifugal turbine is simulated by CFX. Finally, if the results satisfy the constraint and object, the parameter values of blade control points are the optimization values. If not, the Design Exploration will select another set of data in the value range of optimization parameters, automatically. Then repeat the above steps until the conditions are met. Since the optimized stages deviate from the design condition, when they are calculated together, the leading and trailing edge thicknesses of stator and rotor are needed to be changed slightly for local adjustment, then the centrifugal turbine can obtain a better performance.
Since the SST model is used in turbomachinery, in most cases, it requires + to be very small ( + < 2). So the layer mesh quality requirement of SST model is higher thanepsilon model. If the SST uses the same mesh generated forepsilon, the layer mesh quality for SST is not good and cannot satisfy the requirement. The global size factors were changed to increase the mesh number, and the mesh quality was improved. So the grid number of SST is more than -epsilon. It is about 8627,000, while the grid number of -epsilon model is 4010,000. If the multistage centrifugal turbine simulation turbulence model was SST, a lot of computing memory will be needed; meanwhile a lot of calculating time will be cost. We found that the calculation results of SST and -epsilon models are almost the same, as shown in Table 6 , so there is no difference between SST model and -epsilon model to simulate the multistage centrifugal turbine. In order to relax the demand on computer memory and to raise the efficiency when the computational grid number is very large, the -epsilon model is used as the turbulence model to simulate the centrifugal turbine.
The optimized centrifugal turbine is simulated by CFX, based on Navier-Stokes equations. Stators and rotors use structured grid generated in TurboGrid, and the total grid number is about 4010,000; the blade global size factors of mesh are 1.2, 1.2, 1.25, 1.25, 1.25, and 1.2 for each stator and rotor, respectively. The computational model mesh used for simulation is shown in Figure 9 . The boundary conditions are inlet total pressure, total temperature, back pressure, and adiabatic wall. The turbine rotation speed is 6500 rpm. A no-slip boundary condition is applied at all the solid walls. The stator-rotor interface is Frozen Rotor. Separate periodic conditions are used for rotor and stator regions. -epsilon is used as the turbulence model, and the fluid is Water Ideal Gas.
The optimal parameters of stator and rotor are almost consistent with one-dimensional aerodynamic design. The optimized stator and rotor of whole stages are both straight blades and the blade diagram is referred to in Figure 10 
Results and Discussion

Design Condition Aerodynamic
Performance. The numerical simulation results of the optimized centrifugal turbine are basically consistent with the one-dimensional aerodynamic design, which shows that the one-dimensional design program is reliable and effective. The overall performance data of centrifugal turbine is shown in Table 7 . Comparison of performance data at each stage is shown in Table 8 . Seen from Table 8 , the performance data has some deviations at each stage. This is because the optimized stages influence each other during the matching process. So it results in some deviations in the performance data. And these deviations are gradually accumulated in the process of fluid flow. As the stage increases, the deviations are more. But, from the overall performance data seen in Table 7 , the overall performance data is within 4% deviation. This is due to the fact that there are positive and negative deviations at each stage, which can offset each other. So the overall performance data of one-dimensional design and simulation results is not quite different. From the total shaft power and wheel efficiency, the simulation results of overall centrifugal turbine are better than one-dimensional design values. The threestage centrifugal turbine meets the design requirements and has good performance. Figures 11-13 show the distribution of pressure, Mach number, and velocity streamline at the middle plane of the three-stage centrifugal turbine, respectively. From the diagrams, the pressure distribution is uniform; the main flow in the impeller is the pressure flow. The flow field in the cascade channel is reasonable, and the streamline is smooth and the aerodynamic performance is in line with the expectation. As can be seen from Table 8 , the stator and rotor outflow angles of the first and second stage have deviation from the onedimensional design value. From the analysis of the flow field diagram, there is a flow separation in the small area near the trailing edge; the fluid expands at the chamfered part of the stator outlet and the gap between the rotor and stator, which results in deflection of the flow angle. The flow loss caused by the separation and the deviation of the inflow angle caused by the flow deflection are not yet considered in the one-dimensional design procedure. This is also the reason why the simulation results deviate from the one-dimensional design values. Figures  14, 15, and 16 show the relationship between mass flow , efficiency , and shaft power at different rotation speeds with variable pressure ratio = / * 0 . The results indicate that as decreases, the mass flow increases until the critical flow is reached and then the mass flow remains constant, when the speed is constant. This is because the flow process appeared supersonic, and the flow reached its maximum. And the flow passage had the blocking phenomenon, but the turbine was still able to work. There is an optimal efficiency point on the efficiency with pressure ratio curve. At both sides of the optimal efficiency point, the efficiency decreases with the increase or decrease of . This is due to the change of the back pressure, and the enthalpy drop is changed, the speed ratio is deviated from the optimum value, the flow angel is deflected, and the blade surface occurs the flow separation. Those lead to the flow loss increase and efficiency decrease. For shaft power, the power decreases as increases. Because of increase in back pressure, the enthalpy drop of the whole stage is reduced. Then the work capacity of working fluid is reduced. So the shaft power decreases with the increasing . When the rotation speed changes, the optimum efficiency point moves in the direction of pressure ratio decreasing and the optimum efficiency value decreases with the increase of the rotation speed. But the efficiency trend with the pressure ratio is consistent at different speeds. For the mass flow, the flow characteristics at different rotation speeds are basically the same. It can be seen that the mass flow variation at different rotation speeds is the same and the change has little effect on mass flow. At different rotation speeds, the trends of shaft power curves are basically the same. But the curve of shaft power with the pressure ratio is steeper with the increase of rotation speed.
Off-Design Condition Aerodynamic Performance.
Conclusions
The three-stage centrifugal turbine is simulated by CFX with Water Ideal Gas as working fluid, drawing on the conventional turbine aerodynamic design method and offdesign condition performance research method. Conclusions are as follows.
The numerical simulation results of the whole stages are basically consistent with the one-dimensional design results, and the aerodynamic performance meets the expected requirements, which indicates the reliability and effectiveness of the centrifugal turbine design. Because each stage of centrifugal turbine is optimized, the simulated overall efficiency is 3.08% higher than the one-dimensional design efficiency and the shaft power is 3.75% more than the one-dimensional design shaft power. At the design condition, the streamline of three-stage centrifugal steam turbine is smooth at cascade flow channel, the pressure distribution is uniform, and the flow field is reasonable.
At the off-design condition, when the speed is constant, the pressure ratio reaches the critical ratio and the mass flow reaches the maximum. If continues to decrease, the maximum flow value remains the same, and the flow passage has the blocking phenomenon. But the turbine is still able to work. At the same , the speed decreases; then the mass flow increases; but the impact is quite small.
At a constant speed, the efficiency is highest at optimum pressure ratio . The pressure ratio of the optimum efficiency agrees well with that of the one-dimensional design. When the speed decreases, the efficiency curve moves to the place where increases, and the corresponding maximum efficiency increases.
The shaft power curve trend with pressure ratio is similar at different rotation speeds. But as the rotation speed increases, the power curve drops faster when the pressure ratio increases. Overall, it can be seen that the centrifugal turbine has a wide range and good off-design performance, from the 
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